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We present a model where the inflaton can naturally account for all the dark matter in the Universe within the
warm inflation paradigm. In particular, we show that the symmetries and particle content of the Warm Little
Inflaton scenario (i) avoid large thermal and radiative corrections to the scalar potential, (ii) allow for sufficiently
strong dissipative effects to sustain a radiation bath during inflation that becomes dominant at the end of the
slow-roll regime, and (iii) enable a stable inflaton remnant in the post-inflationary epochs. The latter behaves
as dark radiation during nucleosynthesis, leading to a non-negligible contribution to the effective number of
relativistic degrees of freedom, and becomes the dominant cold dark matter component in the Universe shortly
before matter-radiation equality for inflaton masses in the 10−4 − 10−1 eV range. Cold dark matter isocurvature
perturbations, anti-correlated with the main adiabatic component, provide a smoking gun for this scenario that
can be tested in the near future.
PACS numbers: 98.80.Cq, 11.10.Wx, 14.80.Bn, 14.80.Va
Inflation [1] has inevitably become a part of the modern
cosmological paradigm. Observations are consistent with its
predictions of a flat universe with a nearly scale-invariant,
Gaussian and adiabatic spectrum of primordial density pertur-
bations [2]. However, the exact nature of the inflaton field and
its scalar potential remain open questions, that may hopefully
be addressed with future measurements of B-modes in the
cosmic microwave background (CMB) polarization, as well
as possibly non-Gaussian features and isocurvature perturba-
tions.
The present ambiguity is no less apparent when one regards
two consistent, yet distinct, descriptions of this period of accel-
erated expansion: cold andwarm inflation [3, 4]. The former is
described by the overdamped motion of one (or more) field(s),
coupled solely with gravity, whose nearly flat potential domi-
nates the energy content of the Universe, acting as an effective
cosmological constant for a finite period. Inflaton quantum
fluctuations then act as seeds for structure formation and CMB
anisotropies.
If, however, interactions between the inflaton, φ, and other
fields are non-negligible during inflation, dissipative effects
transfer the inflaton’s energy into light degrees of freedom
(DOF), sustaining a sub-dominant radiation bath that signifi-
cantly changes the dynamics of inflation [5]. In particular, the
additional dissipation makes the inflaton field roll more slowly
than in the cold case [6]. When dissipation becomes suffi-
ciently strong, the radiation bath can smoothly take over as the
dominant component at the end of inflation, with no need for
a reheating period [11, 12]. Since dissipation sources small
thermal fluctuations of the inflaton field about the background
value φ, the primordial spectrum of curvature perturbations
can differ significantly in the cold and warm inflation scenar-
ios [13–20], the latter e.g. predicting a suppression of the
tensor-to-scalar ratio in chaotic models [11, 13, 19]. Warm
inflation thus provides a unique observational window into
inflationary particle physics.
Warm inflation models were, however, hindered by several
technical difficulties [21, 22]. Interactions between the inflaton
and other fields, e.g. g2φ2 χ2 or gφψψ, typically give the latter
a large mass. On the one hand, to keep the fields light, and
also avoid the associated large thermal corrections to the infla-
ton potential, one must consider small coupling constants that
make dissipative effects too feeble to sustain a radiation bath
for ∼50-60 e-folds of inflation. On the other hand, heavy fields
acting as mediators between the inflaton and light degrees of
freedom in the radiation bath can yield sufficiently strong dis-
sipative effects [23–25, 27], but at the expense of considering
a large number of such mediators that may only be present in
certain string constructions [28] or extra-dimensional models
[29].
These shortcomings were recently overcome in the Warm
Little Inflaton (WLI) scenario, which provides the only consis-
tent model of warm inflation with only two light fields coupled
to the inflaton [30]. In this Letter, we show, for the first time,
that the underlying symmetries and particle content of this
model necessarily lead to a stable inflaton remnant that sur-
vives until the present day, naturally accounting for the cold
dark matter component in our Universe. In this sense, warm
inflation implies inflaton-dark matter unification.
This is hard to implement within the cold inflation paradigm
because the inflaton must decay efficiently at the end of infla-
tion to ensure a successful “reheating" of the Universe, but
cannot do so completely to provide a sufficiently long-lived
dark relic [31]. This can be achieved by introducing additional
symmetries or cosmological phase(s) which, however, do not
affect the inflationary dynamics and have, in general, no direct
observational imprint [32–39].
In this Letter, we propose a radically different unification
scenario, where the inflaton decays during, but not after, in-
flation. We show that this is possible due to the very same
symmetries that protect the scalar potential against thermal
and quantum corrections, independently of its form, while al-
lowing for sufficiently strong adiabatic dissipation effects that
become exponentially suppressed once the inflaton exits the
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2slow-roll regime and radiation smoothly takes over. These
symmetries then ensure that the inflaton behaves as a stable
cold relic while oscillating about the minimum of its potential
at late times, regardless of the full form of the scalar potential.
The WLI model includes two complex scalar fields, φ1,2,
with equal charge q under a U(1) gauge symmetry that is
spontaneously broken by their identical vacuum expectation
values, 〈φ1〉 = 〈φ2〉 ≡ M/
√
2. This yields masses of order M
for the radial scalar components and the U(1) gauge field that
then decouple from the dynamics for temperatures T . M .
The remaining physical light degree of freedom is the relative
phase between φ1 and φ2, which we identify as the inflaton
field, φ:
φ1 =
M√
2
eiφ/M , φ2 =
M√
2
e−iφ/M . (1)
The model also includes a pair of fermions, ψ1 and ψ2, whose
left-handed (right-handed) components haveU(1) charge q (0),
and we impose an interchange symmetry φ1 ↔ φ2, ψ1 ↔ ψ2,
such that the allowed Yukawa interactions are given by:
−Lφψ = 1√
2
gφ1ψ1Lψ1R +
1√
2
gφ2ψ2Lψ2R + H.c. =
= gMψ1e
iγ5φ/Mψ1 + gMψ2e
−iγ5φ/Mψ2 , (2)
wherewe have also imposed the sequestering of the “1" and “2"
sectors, which may be achieved e.g. by considering additional
global symmetries for each sector or by physically separating
them along an extra compact dimension. This is in contrast
with the original WLI proposal [30], providing the additional
appealing feature that the fermion masses, m1 = m2 = gM ,
and therefore the associated radiative and thermal corrections
to the effective potential are independent of the inflaton field.
Note that if φ were constant throughout the whole space-time,
one could remove it completely from the fermion Lagrangian
through a chiral rotation. Hence, the only effects of the inflaton
field’s interactions with the fermions are related to its dynam-
ical nature, i.e. they correspond to non-local contributions to
the effective action, in particular dissipative effects.
The interchange symmetry corresponds to a Z2 reflection
for the inflaton field, φ ↔ −φ, that protects it from decaying
into any other fields besides the fermions ψ1,2. As discussed
below, a significant dissipation of the inflaton’s energy implies
gM . T . M , which is only satisfied during inflation, thus
ensuring the stability of the inflaton in the post-inflationary
Universe.
The fermion fields may decay into light scalar and fermion
fields, σ and ψσ , respectively, with appropriate U(1) charges,
through Yukawa interactions:
− Lψσ = −hσ
∑
i=1,2
(ψiLψσR + ψσLψiR) . (3)
The dissipation coefficient resulting from the inflaton-fermion
interactions can be computed using standard thermal field the-
ory tools in the adiabatic regime [5, 25], where the fermions are
kept close to thermal equilibrium through decays and inverse
decays, Γψ & H  | Ûφ/φ| [26]. Its dominant contribution
corresponds to on-shell fermion production [27], being given
by:
Υ = 4
g2
T
∫
d3p
(2pi)3
Γψ
m2ψ
nF (ωp)(1 − nF (ωp)) , (4)
where mψ =
√
g2M2 + h2T2/8 is the thermally corrected
fermion mass, ωp =
√
|p|2 + m2ψ , Γψ is the fermion de-
cay width (see [30]) and nF is the Fermi-Dirac distribution.
The momentum integral can be computed analytically for
mψ/T  1 and mψ/T  1, yielding:
Υ ≈ 2g
2h2
(2pi)3 T
(
1
5
− ln
(mψ
T
))
, mψ/T  1 ,
Υ ≈ 2g
2h2
(2pi)3 T
√
pi
2
√
mψ
T
e−
mψ
T , mψ/T  1 .
(5)
In the high temperature regime relevant during inflation, the
dissipation coefficient is proportional to the temperature as in
the original WLI model, although the proportionality constant
is smaller in this case. Inflationary observables can thus be
computed as in [30, 40, 41], to which we refer the interested
reader. After inflation, dissipative effects are exponentially
suppressed as the ψ1,2 fermions become non-relativistic, halt-
ing the energy transfer between the inflaton condensate φ and
the light DOF.
The evolution of the background homogeneous inflaton field
and entropy density is then dictated by:
Üφ + (3H + Υ) Ûφ + V,φ = 0 , Ûs + 3Hs = Υ
Ûφ2
T
, (6)
alongside the Friedmann equation H2 = (ρφ + ρr )/(3M2P ),
where ρφ = ( Ûφ2/2) + V(φ), s = (2pi2/45)g∗T3 = 4ρr/(3T)
and g∗ is the number of relativistic DOF. Since the inflaton is
a gauge singlet, the scalar potential is an arbitrary even func-
tion of the field, so we consider the simplest renormalizable
potential, V(φ) = m2φφ2/2 + λφ4, with the quartic (quadratic)
term dominating at large (small) field values.
A representative example of the cosmological dynamics is
illustrated in Figs. 1 and 2. The inflaton potential energy
dominates the energy balance for ∼60 e-folds in the slow-roll
regime, while sustaining a nearly constant radiation abundance
through dissipative effects. These become strong (Q & 1) at
the end of inflation, allowing for radiation to take over as
the dominant component, at a temperature TR ∼ 1013 − 1014
GeV. Almost simultaneously, the temperature drops below the
mass of the ψ1,2 fermions and they gradually decouple from
the dynamics, therefore making the inflaton effectively stable
as we discuss below. At this stage, the ratio T/H ∼ 104
becomes large enough to excite all the Standard Model DOF
[42], resulting in a temperature drop by a factor ∼2, further
suppressing dissipative effects [43].
3FIG. 1. Cosmological evolution of the inflaton (solid blue line) and
radiation (dashed red line) energy densities for a representative choice
of parameters. The vertical dashed black lines mark the inflaton-
radiation equality times at the end of inflation and of the radiation era.
The inset plot shows that the inflaton behaves as a sub-dominant dark
radiation component during nucleosynthesis (BBN) (T ∼ 1MeV)
. The last scattering surface (CMB) (T ∼ 0.3 eV) and the present
day are also highlighted.
In the absence of significant dissipation, the inflaton con-
densate starts oscillating about the origin in the quartic po-
tential, with amplitude φ ∝ a−1, hence behaving as dark ra-
diation. This phase lasts until the amplitude drops below
φDM = mφ/
√
2λ, after which the quadratic term dominates
and the inflaton remnant behaves as cold (pressureless) dark
matter until the present day.
The ratio φ/T remains constant throughout the dark radia-
tion phase (up to changes in g∗), and we find numerically that
it is an O(1 − 10) factor below its value at inflaton-radiation
equality, φ/T ∼ 104. This suppression is the result of the faster
decay of the inflaton amplitude compared to the temperature
at the onset of inflaton oscillations. This assumes that the in-
flaton field does not decay into or scatter significantly off the
particles in the thermal bath after inflation. The latter could,
in particular, thermalize the inflaton particles that would later
decouple from the thermal bath as a standardWIMP. However,
since the temperature falls below the mass of the fermions just
after inflation, inflaton interactions with the remaining light
fields are significantly suppressed.
Consider first the 4-body decay of inflaton, φ→ ψσψσσσ,
mediated by the heavy ψ1,2 fermions, for which we obtain,
in the dark radiation phase where the effective inflaton mass
mφ,eff ≈
√
12λφ [44]:
Γφ
H
≈ 10−19 h
4
g2
(
λ
10−15
)5/2 (
φ
MP
)3 (
φ/T
104
)2
×
(
10−4MP
M
)4
sin2
(
φ
M
)
, (7)
which vanishes at the origin due to the underlying Z2 symme-
try, and is in fact negligible throughout the whole radiation era
in the parametric range relevant for a successful inflationary
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FIG. 2. Evolution of φ/T (brown), T/H (red), Γψ/H (orange), Q
(green), H ≡ − ÛH/H2, Q ≡ Υ/3H (purple)
and T/M (red, bottom plot) during inflation. In this example,
h = 1.8, g = 0.2, M = 7.2 × 1014 GeV, with horizon-crossing
conditions φ∗ = 21MP, Q∗ = 0.0072. This yields 58 e-folds of
inflation, a scalar spectral index ns = 0.965 and a tensor-to-scalar
ratio r = 4.3 × 10−3 for nearly-thermal inflaton fluctuations (see
[30, 40, 41]).
dynamics, as in the example of Fig. 2.
Low-momentum φ-particles in the inflaton condensate
(|pφ | . H) can also scatter off light particles in the thermal
bath, e.g. φσ → φσψσψσ and similar processes that could
lead to the condensate’s evaporation and thermalization of the
inflaton particles. This process is again mediated by the heavy
ψ1,2 fermions, with center of mass energies s ≈ 2mφ,effT ,
yielding:
Γφσ
H
≈ 10−9h4g
(
λ
10−15
) (
φ
MP
)2 ( T
gM
)3
×
(
10−4MP
M
)3
cos2
(
φ
M
)
, (8)
which is also negligible in the relevant parametric range.
Both the 4-body decay and scattering processes discussed
previously are suppressed by the mass of the ψ1,2 fermions,
which is larger than the temperature in the radiation era
(T < TR). One must, however, note that direct couplings
between the inflaton and the light σ and ψσ fields are not
forbidden by any symmetries and are generated radiatively
through loop diagrams involving ψ1 and ψ2. Decay processes
such as φ → σσ, ψσψσ may thus be allowed, although they
become gradually forbidden as φ → 0 due to the Z2 symme-
try. Similarly, these radiatively generated vertices may also
lead to 2-body scatterings that could thermalize the inflaton
condensate.
One can nevertheless consider the particular case where the
4renormalized values of such effective vertices are small for
gM . T . M during inflation, such that they do not affect the
inflationary dynamics. The Appelquist-Carazzone decoupling
theorem [45] then ensures that they will not run significantly
below the ψ1,2 mass threshold, hence suppressing their effects
in the post-inflationary epoch (see also e.g. [46]). We will
consider this case in the remainder of our discussion, keeping
in mind that, in more general scenarios, the inflaton may decay
in the radiation era, although never completely due to the Z2
symmetry. Similarly, we stress that if scattering processes can
thermalize inflaton particles, they will follow a WIMP-like
cosmological evolution.
We must finally take into account that φ-particles may be
produced by the oscillating inflaton field through the non-
linear λφ4 interaction. In each oscillation, φ-particles become
lighter than the field’s oscillation frequency, ωφ ∼ mφ,eff,
which kinematically allows their pair production at a rate
Γφ→δφδφ = 0.17λ3/2φ [47] (see also [48, 49]). This falls
more slowly than expansion during the radiation era, since
φ ∝ H1/2, and may therefore lead to the condensate’s evapora-
tion before it reaches the cold dark matter regime at φ . φDM,
where it becomes kinematically forbidden.
The produced inflaton particles are relativistic, since they
have typical momenta |p| ∼ ωφ ∼
√
λφ and mass mφ  ωφ
once the condensate evaporates. They are also decoupled
from the radiation bath since they only interact with the latter
through the heavy ψ1,2 fermions, so they will simply redshift
as dark radiation until they become non-relativistic, i.e. for
∆Ne ∼ log(ωφ/mφ) ∼ log(φ/φDM). Accordingly, they behave
as dark radiation for essentially the same amount of time as the
oscillating inflaton condensate had it not evaporated. This im-
plies that the cosmological evolution of the produced inflaton
particles is indistinguishable from that of the oscillating back-
ground field, and for simplicity we will henceforth consider
the latter picture.
The ratio nφ/s remains constant in the cold dark matter
regime, for φ < φDM, being given by:
nφ
s
=
ρφ/mφ
(2pi2/45)g∗(TDM)T3DM
=
√
λ
2
45
2pi2
1
g∗
(
φ
T
)3
, (9)
where we used that (φ/T)g−1/3∗ remains constant throughout
the dark radiation phase. The present dark matter abundance
Ωc ≈ 0.25 [50] then yields the following estimates for the
inflaton mass and the temperature at which it starts behaving
as cold dark matter:
mφ ≈ 10−3
(
Ωc
0.25
) ( g∗
106.75
) (10−15
λ
)1/2 ( 104
φ/T
)3
eV ,
TDM ≈ 11
(
Ωc
0.25
) ( g∗
106.75
)4/3 (10−15
λ
) (
104
φ/T
)4
eV .
(10)
For the parameter space consistent with 50 − 60 e-folds of
inflation, the observed dark matter abundance is attained for
mφ ∼ 10−4 − 10−1 eV and TDM ∼ 5 − 104 eV, above the
temperature of matter-radiation equality. The inflaton mass
must thus be small so as to not overclose the Universe, but this
is technically natural given the absence of radiative corrections
to the scalar potential.
Given its light mass and feeble interactions, both direct
and indirect searches seem unlikely to find inflaton dark mat-
ter in the near future. However, its inflationary origin and
post-inflationary evolution can provide testable observational
signatures. The first is the presence of cold dark matter isocur-
vature perturbations in the CMB spectrum, parametrized by
Sc = −3H
(
δρc
Ûρc −
δρr
Ûρr
)
. (11)
These are fully determined by the spectrum of small thermal
inflaton fluctuations about the background φ generated during
the warm inflationary phase. Hence, Sc reads
Sc =
(
2 − 12Q
3 + 5Q
)
φ′
φ
R , (12)
where R = δφ/φ′ is the gauge-invariant (adiabatic) curvature
perturbation and all quantities are evaluated when the relevant
CMB scales become super-horizon during inflation. Since
φ′ < 0, isocurvature modes are anti-correlated with the main
adiabatic component for Q∗ < 3, the regime where the WLI
model with a quartic potential is technically and observation-
ally consistent [30, 40, 41].
Their contribution to the primordial perturbation spectrum
can be parametrized by the ratio βIso = B2c/(B2c + 1) with Bc =
Sc/R. For the example in Figs. 1 and 2, βIso = 3.15×10−4, and
in the consistent parameter range we find βIso ∈ [3, 4] × 10−4,
below the Planck bounds on fully anti-correlated isocurvature
perturbations, βIso < 2×10−3 [2]. SinceQ and φ are functions
of the number of e-folds, the isocurvature spectral index, nI ≡
1+ d log∆2I/dNe, differs from the adiabatic one. For instance,
in our working example we find nI ≈ 0.999 and ns ≈ 0.965.
Future searches of cold dark matter isocurvature modes with
the CMB-S4 mission [51] will therefore be crucial to test our
scenario.
The second is the prediction of extra relativistic degrees of
freedom during nucleosynthesis (BBN), whosemain contribu-
tion is given by the oscillating condensate, ∆Neff = 4.4ρφ/ργ
[53], with ργ denoting the photon energy density, which is
fixed by the value of φ/T at the onset of inflaton oscillations and
the thermal evolution of the SMDOF. For the case represented
above, ∆Neff ≈ 0.13. BBN bounds on ∆Neff, ∆Neff < 0.20
[52] are already strong enough to restrict the parameter space
consistent with ∼50-60 e-folds of inflation to g ∼ 0.1 − 0.2,
h ∼ 1 − 2, M ∼ 1014 − 1015 GeV and Q∗ ∼ 10−3 − 10−2.
This contribution vanishes before recombination, once the
condensate φ starts behaving as cold dark matter. The small
inflationary thermal fluctuations about φ remain, however, rel-
ativistic until after recombination, since mφ . 0.1 eV. Al-
though these consequently give only a subdominant contribu-
tion to the present cold dark matter abundance, they change the
number of relativistic DOF at both BBN and recombination
by ∆N theff = (4/7) (43/4g∗)4/3 ≈ 0.027, where g∗ ≈ 106.75 at
5the end of inflation [50], which may be probed with the next
generation CMB experiments and large-scale structure surveys
[53].
Finally, we note that warm inflation itself has distinctive
observational features, namely a modified consistency relation
between the tensor-to-scalar ratio and the tensor spectral index
[19, 54] and non-Gaussianity with a characteristic bispectrum
[55]. All these observables thus provide, in conjunction, a
very distinctive and testable scenario for inflaton-dark matter
unification, where one can probe the inflationary nature of dark
matter even if it interacts too feebly with known particles to be
found in direct searches or collider experiments.
The scenario described in this Letter shows that inflaton-
dark matter unification is a natural feature in warm inflation.
The underlying symmetries of the model allow the inflaton
to decay significantly only during inflation, remaining essen-
tially stable throughout the remainder of the cosmic history.
The basic ingredients of the model can nevertheless accommo-
date more general scenarios, with different forms of the scalar
potential and further interactions that could allow for further
(partial) inflaton decay after inflation or even its thermalization
with the cosmic heat bath. Our model may also, in principle,
be embedded within different SM extensions, which could po-
tentially yield novel observational signatures of inflaton-dark
matter unification.
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